Specific VHHs for the *Crotalus* genus were able to inhibit phospholipase; cytotoxic and myotoxic activities of CTX *in vitro* and *in vivo*. Since systemic myotoxicity in Acute Kidney Injury (AKI) is one of the main causes of death among victims of crotalic envenomation, we consider these clones promising tools for treating crotalic envenomation.

1. Introduction {#sec1-toxins-10-00142}
===============

Recently, the World Health Organization (WHO) reinstated snakebite envenoming into its Neglected Tropical Diseases portfolio \[[@B1-toxins-10-00142]\]. This classification may help to intensify the fight against this public health problem, especially in Africa, Asia, Oceania and Latin America, where about 20,000--90,000 people die from snakebites, from an estimated 421,000--1,841,000 cases, every year \[[@B2-toxins-10-00142]\]. In Brazil, during 2001--2012, about 27,200 snakebite cases and 115 related deaths were reported per year \[[@B3-toxins-10-00142]\]. The *Bothrops* genus was responsible for most of the reported cases, followed by *Crotalus*, *Lachesis*, and *Micrurus* genera \[[@B3-toxins-10-00142]\].

Although there is a lower incidence of crotalic envenomation, when compared to bothropic snakebites, these accidents present the highest lethality rate (1.87%) \[[@B4-toxins-10-00142],[@B5-toxins-10-00142]\]. Envenoming is characterized by neurotoxicity and coagulation disturbances, along with muscle and renal toxicity \[[@B6-toxins-10-00142]\]. Mild local injuries, mainly edema and erythema, may be observed \[[@B7-toxins-10-00142],[@B8-toxins-10-00142]\]. Most envenoming symptoms are caused by the venom's protein compounds \[[@B6-toxins-10-00142]\]. About 90% of *C. durissus terrificus* venom is composed of proteins; among them are phospholipases A~2~ (PLA~2~) \[[@B9-toxins-10-00142]\]. At 24 kDa, CTX, which constitutes about 50% of the venom's protein content, is a heterodimer consisting of an enzymatically active PLA~2~ subunit (CB) and an acidic subunit with no enzymatic or toxic activity (CA) \[[@B10-toxins-10-00142]\]. CTX is responsible for the envenoming's neurotoxic, systemic myotoxic and nephrotoxic effects.

Treatment of envenoming is performed by administration of immunoglobulin G (IgG) or F(ab′)/F(ab′)~2~ fragments obtained mainly from hyperimmunized animals \[[@B11-toxins-10-00142]\]. Despite different pharmacokinetic profiles of whole IgG and antibody fragments, no substantial differences in neutralizing toxic activity of some venoms could be noted \[[@B11-toxins-10-00142],[@B12-toxins-10-00142]\]. Antivenom therapeutic safety can be compromised by failures in the product purification process \[[@B11-toxins-10-00142],[@B13-toxins-10-00142]\]. Moreover, industrial production of serotherapics is unsatisfactory. Deficitary availability and accessibility, high product cost, horse use inviability in zoonose endemic countries, and a low number of laboratories involved in production are issues that need to be circumvented to improve antivenom production \[[@B11-toxins-10-00142],[@B14-toxins-10-00142],[@B15-toxins-10-00142],[@B16-toxins-10-00142]\]. Thus, the search for alternative and complementary methods for snakebite treatments is constant \[[@B17-toxins-10-00142],[@B18-toxins-10-00142]\].

Monoclonal antibodies (mAbs, 150 kDa), proposed as therapeutic agents \[[@B18-toxins-10-00142],[@B19-toxins-10-00142],[@B20-toxins-10-00142],[@B21-toxins-10-00142]\], present a distribution similar to that of first-generation serotherapeutic agents (polyclonal IgGs) \[[@B12-toxins-10-00142],[@B22-toxins-10-00142]\]. Besides that, mAbs require humanization \[[@B23-toxins-10-00142]\], and should necessitate an oligoclonal preparation against major venom proteins \[[@B18-toxins-10-00142]\]. In addition to mAbs, recombinant F(ab′) and scFv (single chain variable fragment) forms can be obtained \[[@B24-toxins-10-00142]\]. With approximately 25 kDa, scFv are less immunogenic and present greater biodistribution, when compared to whole IgGs \[[@B25-toxins-10-00142],[@B26-toxins-10-00142],[@B27-toxins-10-00142]\]. These fragments can be produced in prokaryotic expression systems \[[@B24-toxins-10-00142],[@B28-toxins-10-00142]\]; however, they have high renal clearance \[[@B29-toxins-10-00142]\]. Thus, multivalent forms, such as sc(Fv)~2~ (\~60 kDa) and \[sc(Fv)~2~\] (\~120 kDa) have been proposed \[[@B30-toxins-10-00142]\]. The low stability, solubility and affinity of these molecules continue to be a challenge for their clinical application \[[@B31-toxins-10-00142],[@B32-toxins-10-00142]\].

In addition to conventional IgG, camelids produce functional antibodies devoid of light chains and CH1 domains, referred to as camelid heavy-chain antibodies (HCAbs) with approximately 90 kDa \[[@B33-toxins-10-00142]\]. The antigen recognition site of HCAbs is formed by a single domain called VHH \[[@B34-toxins-10-00142]\]. With a size measured in nanometers and a small molecular weight (15 kDa), the VHH repertoire can be vector recombined, cloned and expressed, using a prokaryotic system in soluble form, resulting in fragments with high antigenic specificity and affinity \[[@B35-toxins-10-00142]\]. A high identity with human VH (more than 80%) justifies VHHs' low immunogenicity \[[@B36-toxins-10-00142]\]. Longer CDRs, mainly CDR3, allow for the recognition of enzymatic sites by VHH, inaccessible to murine or human antibodies \[[@B37-toxins-10-00142]\]. Furthermore, when compared to other antibody fragments, VHHs exhibit higher thermal stability \[[@B38-toxins-10-00142]\].

In analyzing camelid VHH characteristics, along with the need to develop more effective antivenoms, this study aimed to select and characterize *Lama glama* VHHs able to inhibit the phospholipase, cytotoxic and myotoxic activities of CTX isolated from *C. durissus terrificus* venom.

2. Results {#sec2-toxins-10-00142}
==========

2.1. L. glama Immunization, Library Construction and Selection of Anti-Crotoxin VHHs {#sec2dot1-toxins-10-00142}
------------------------------------------------------------------------------------

The *L. glama* immunization schedule, using complete and incomplete Freund's adjuvant, proved to be satisfactory. An antiserum maximum titer (1 × 10^6^) was obtained after the second immunization, as observed by ELISA assays ([Figure 1](#toxins-10-00142-f001){ref-type="fig"}A). Following the final boost, cDNA was synthesized from total RNA extracted from 1.5 × 10^7^ lymphocytes. Amplification of the VHH gene repertoire by RT-PCR, and its recombination into the phagemid pHEN-1-6xHis allowed for VHH library construction with about 3.6 × 10^12^ clones using the *E. coli* TG1 strain. A total of 5.3 × 10^11^ recombinant phage particles were rescued after immune VHH library infection with the helper phage VCSM13. After three rounds of biopanning, carried out separately against CTX, CB and CA, 220 clones were selected for CTX, 220 for CB, and 88 for CA. All clones demonstrated the expected size for VHH by colony PCR. However, when tested by ELISA, 58 (26%), 76 (34%) and 2 (2%) VHHs showed absorbance values higher than the stipulated cut-off point (2 mean OD from negative samples plus two standard deviations), considered positive for CTX, CB, and CA, respectively ([Figure 1](#toxins-10-00142-f001){ref-type="fig"}B).

2.2. Sequence Analysis of Anti-Crotoxin VHHs {#sec2dot2-toxins-10-00142}
--------------------------------------------

Ten clones, which showed the best absorbances in ELISA, were sequenced and a multiple sequence alignment between them revealed four sequence profiles for CB and one profile for CA. These sequences were deposited in the GenBank database under the following accession numbers: KF498602 (clone Ctx-17), KF498603 (clone Ctx-21), KF498604 (clone Cb-16), KF498605 (clone Cb-42) and KF498606 (clone Ca-12). All clones presented the established VHH hallmark amino acid in FR2 (Y/F37; E44; R45; G/F47), with the exception of KF498606. Besides that, the KF498606 showed a shorter CDR3 region with only five amino acid residues (FRGGVW) ([Figure 1](#toxins-10-00142-f001){ref-type="fig"}C). With 98% and 97% similarity, KF498602 and KF498603, and KF498604 and KF498605 presented CDR3 made of 18 (ATELISSCASTWYDAYSYW) and 21 (AASDEGTGSPGSLYTPDPYDY) amino acid residues, indicating that they originated from two common ancestral B cells. Although two conserved cysteines of VHH/VH, which form the canonical cross-species disulfide bond between FR1 and FR3, were observed in all the clones, only KF498602 and KF498603 presented an extra pair of cysteines, which may allow for the formation of an extra disulfide bond between FR2 and CDR3. After expressing recombinant pET22b-VHHs (KF498602, KF498603, KF498604, KF498605) in the *E. coli* strain BL21 (DE3), the clones were purified by IMAC. Approximately 2 to 6 mg of recombinant protein per liter of culture were obtained.

2.3. Cross-Immunoreactivity and Western Blot Analysis {#sec2dot3-toxins-10-00142}
-----------------------------------------------------

Besides being able to recognize CB, CTX and *C. durissus terrificus* venom, purified KF498602, KF498603, KF498604, and KF498605 clones were able to interact with *C. durissus cascavella* and *C. durissus collilineatus* venoms. However, when tested against toxins and venoms from the *Bothrops* genus, they showed no reactivity in ELISA, demonstrating their specificity for the *Crotalus* genus ([Figure 2](#toxins-10-00142-f002){ref-type="fig"}A). The clone KF498604 stood out for presenting the highest signal intensity, with an absorbance 10 times higher than the cut-off point. Clonal specificity was confirmed by Western blot analysis ([Figure 2](#toxins-10-00142-f002){ref-type="fig"}B), which demonstrated VHH binding capability for 14.2 kDa CB monomer forms, previously verified by a MALDI-TOF2 mass spectrometry system (AXIMA TOF2, Shimadzu, Japan) (data not shown). VHHs were also able to recognize multimeric forms of CB under non-reducing conditions by electrophoresis. The VHH KF498604 presented the greatest recognition capability, confirming the ELISA results.

2.4. Thermal Stability Evaluation of Selected VHHs and Interaction Analysis by SPR {#sec2dot4-toxins-10-00142}
----------------------------------------------------------------------------------

When exposed to different temperature conditions for 1 h, KF498602 and KF498604 VHHs demonstrated reactivity against CB in ELISA. Both clones remained fully active in a temperature range from 25 to 55 °C, and above 75% when they were incubated at 85 °C. Between 55 and 85 °C, reduction in VHH activity was observed. However, KF498604 remained 100% active, even when heated to 95 °C ([Figure 2](#toxins-10-00142-f002){ref-type="fig"}C).

The affinities of KF498602 and KF498604 VHHs for CTX were measured by SPR. After obtaining binding and dissociation sensograms, kinetic parameters, using the 1:1 Langmuir model, with highly reliable fit, made evident by the low Chi^2^ values obtained (≤1 RU), were determined ([Table S1](#app1-toxins-10-00142){ref-type="app"}). While KF498604 showed affinity to CTX in a nanomolar range (KD = 81.3 nM), KF498602 demonstrated a lower affinity (KD = 1.7 µM). Injection of KF498202 at an equimolar rate on a CM5-CTX sensor chip, after saturation of the interaction signal between CTX and KF498604 (91.3 RU), promoted an increase of 113% in the signal gain (194.6 RU), suggesting that these clones interact with different antigenic determinants of the toxin ([Figure 3](#toxins-10-00142-f003){ref-type="fig"}A).

2.5. In Vitro and In Vivo Inhibition of CTX Activity by VHHs {#sec2dot5-toxins-10-00142}
------------------------------------------------------------

The ability of the selected VHHs to inhibit the phospholipase activity of CTX and CB was evaluated by fluorimetry, using acyl-NBD-PC synthetic phospholipids. The results demonstrated the inhibitory potential of the VHHs KF498604 and KF498605 on the activity of the heterodimer CTX and its monomer CB. KF498604 was able to inhibit about 80% at the 1:40 (toxin/VHH) ratio, whereas KF498605 demonstrated inhibition of above 60% at a ratio of 1:20 ([Figure 3](#toxins-10-00142-f003){ref-type="fig"}B). The KF498602 and KF498603 clones showed no expressive toxin inhibition.

Neutralization of CB's cytotoxic effect on murine myotubes by the KF498604 clone was verified using the pre-incubated solution at a ratio of 1:2.5 (toxin/VHH). The results demonstrated a significant reduction in released LDH levels (59.3%, *p* \< 0.05), when compared to the control carried out with CB alone ([Figure 3](#toxins-10-00142-f003){ref-type="fig"}C). KF498604 VHH's ability to inhibit the myotoxic effect of CTX, performed in vivo, was observed in all tested toxin/VHH ratios, especially at 1:40, which showed about 78.80% (*p* \< 0.05) CK level reduction ([Figure 3](#toxins-10-00142-f003){ref-type="fig"}D).

2.6. Modelling and Interface Binding of the VHHs and CTX {#sec2dot6-toxins-10-00142}
--------------------------------------------------------

Many putative templates of high-level similarity with the target sequences (KF498602, KF498603, KF498604, KF498605 and KF498606) were revealed through a BLAST search. The structures selected for modeling are shown in [Table S2](#app1-toxins-10-00142){ref-type="app"}. The Ramachandran plot evaluation for selected VHHs showed more than 90% of amino acid residues in favorable regions. The model quality was also analyzed by comparing the predicted structure with the template via superimposition and atomic RMSD assessment. The RMSD of Cα trace between all homology structures and templates is less than 2.00 Å, indicating that the generated models are quite similar to the templates ([Table S2](#app1-toxins-10-00142){ref-type="app"}). The best interactions between the VHHs and CTX are represented in [Figure 4](#toxins-10-00142-f004){ref-type="fig"}. [Table 1](#toxins-10-00142-t001){ref-type="table"} shows the hydrogen bonds formed between the VHHs and toxins in the final docking model.

3. Discussion {#sec3-toxins-10-00142}
=============

Antivenoms able to neutralize toxins in the blood and deep tissues and to present minimal adverse effects associated with the administration of non-human immunoglobulins are challenges the scientific community has faced over the years. Thus, different approaches have been proposed for innovative and cost-effective technologies to develop a new generation of antivenoms, given the global antivenom crisis \[[@B12-toxins-10-00142],[@B14-toxins-10-00142],[@B17-toxins-10-00142],[@B18-toxins-10-00142],[@B39-toxins-10-00142]\].

Considering these challenges, crotalic envenoming's epidemiology in Brazil, the relevance of CTX in envenoming by *C. durissus terrificus* snake venom, as well as the biotechnological versatility and therapeutic potential of camelid single domain antibodies, we selected anti-crotoxin VHHs following construction of an immunized *L. glama* VHH phage library.

*L. glama* immunization, performed following "the low-dose, low-volume, multi-site immunization protocol" \[[@B40-toxins-10-00142]\], proved to be satisfactory. Animals presented antiserum maximum titer (1:10^6^), comparable with other immunization schedules \[[@B41-toxins-10-00142],[@B42-toxins-10-00142]\]. With 3.6 × 10^12^ clones, the diversity of the immune VHH library was to be expected upon exploring antibody specificity and affinity developed naturally after immunization.

Three rounds of biopanning, performed in order to select high affinity clones \[[@B43-toxins-10-00142]\], were enough to select four VHHs with anti-CB profiles (KF498602, KF498603, KF498604 and KF498605), and one VHH with an anti-CA profile (KF498606). VHH hallmark, presented in most profiles, are normally related to high hydrophilicity and remodeling capacity after exposure to denaturing temperatures (60--80 °C) \[[@B35-toxins-10-00142],[@B38-toxins-10-00142],[@B44-toxins-10-00142]\]. An extra pair of cysteines in KF498602 and KF498603 may enable the formation of a disulfide bridge between FR2 and CDR3, which could confer greater rigidity to the CDR3 loop, increasing VHH stability \[[@B34-toxins-10-00142],[@B35-toxins-10-00142],[@B45-toxins-10-00142]\]. Most clones showed longer CDR3 regions (18--21 amino acid residues) when compared to human VH (\~14 aa). Indeed, VHH CDRs are usually larger to provide a compensatory antigenic surface given the absence of VL domains in HCAbs \[[@B34-toxins-10-00142],[@B46-toxins-10-00142]\]. The low selection capability of anti-CA clones, the partial absence of VHH hallmark and the reduced CDR3 loop of KF498606 may be related to the absence of enzymatic or cytotoxic activity and, above all, to the immunomodulatory activity of this CTX subunit \[[@B47-toxins-10-00142],[@B48-toxins-10-00142],[@B49-toxins-10-00142]\].

The four clones responsive to CB presented cross-reactivity only with snake venom from the genus *Crotalus*, thus demonstrating specificity, an important feature for snakebite diagnosis or serumtherapy \[[@B50-toxins-10-00142],[@B51-toxins-10-00142]\]. Selected VHHs showed no interaction with other toxins (gyroxin, convulxin, crotamine) predominant in *C. durissus terrificus* venom \[[@B9-toxins-10-00142]\]. Moreover, the CTX expression profile in *C. durissus cascavella*, *C. durissus collilineatus* and *C. durissus cumanensis* venoms is about 72.0%, 67.4% and 2.6%, respectively \[[@B52-toxins-10-00142]\]. This variation justifies the VHHs' differentiated reactivity between analyzed venoms. In addition, the anti-crotoxin VHHs were able to recognize monomeric and multimeric forms of CB in Western blot, after electrophoresis under non-reducing conditions \[[@B53-toxins-10-00142]\], confirming ELISA results and clonal specificity.

In regards to thermal stability, the two analyzed VHH profiles demonstrated high resistance to heat-induced denaturation. Their stability against temperature changes, especially between 25 and 55 °C, is an important advantage for therapeutic and diagnostic applications, mainly in tropical and subtropical countries. It has been observed that VHH melting temperature values vary between 60 and 80 °C \[[@B44-toxins-10-00142],[@B54-toxins-10-00142],[@B55-toxins-10-00142]\], justifying clone activity reduction at these temperatures. Although KF498602 presents an extra pair of cysteines in its amino acid sequence, suggested to form an extra dissulfide bond to stabilize VHH structure, this clone's recognition capacity was reduced by 50% when heated to 95 °C. This was also observed in anti-triclocarban VHH, selected by \[[@B56-toxins-10-00142]\]. The absence of this extra disulfide bond in KF498604 reinforces the idea that VHHs' high thermostability is related to the typical amino acid substitutions present in camelid HCAbs \[[@B57-toxins-10-00142]\]. Furthermore, both clones exhibited activity even after incubation at 85 °C (85%), while scFv \[[@B38-toxins-10-00142]\], mAbs \[[@B58-toxins-10-00142]\] and polyclonal IgG~1~ \[[@B56-toxins-10-00142]\] are rendered inactive, demonstrating VHH robustness. Besides amino acid substitutions, the ability of VHH refold with high efficiency to its native conformation is probably due to the low complexity of VHH structure \[[@B57-toxins-10-00142]\]. Performed selection allowed us to obtain clones with affinity in the micro and nanomolar range, as observed in previous studies, which select VHHs with a high capacity to recognize and neutralize animal toxins \[[@B41-toxins-10-00142],[@B42-toxins-10-00142]\]. SPR analysis demonstrated that KF498604 showed better affinity to CTX (KD = 81.34 nM) than did KF498602 (KD = 1.7 μM), confirming results detected by ELISA and Western blot analyses. Moreover, SPR approaches were used to evaluate VHH interaction epitopes. Similar to that observed with anti-TcdA \[[@B59-toxins-10-00142]\] and anti-hemagglutin VHHs \[[@B60-toxins-10-00142]\], a signal gain of 103 RU on the sensorchip surface was observed with injection of the VHH KF498602 after saturation of the KF498604/CTX interaction signal. This suggests that these clones interact with different epitopes on the heterodimer.

KF498604 and KF498605 demonstrated significant inhibition of CTX and CB phospholipase activity in vitro. It has been observed that polyclonal and monoclonal antibodies, capable of inhibiting CB phospholipase activity in vitro, are potential inhibitors of CTX's myotoxic and neurotoxic activity in vivo. This demonstrates the participation of CB in CTX's toxic effects \[[@B61-toxins-10-00142],[@B62-toxins-10-00142]\]. Because CTX does not present any effect on murine myotubes \[[@B63-toxins-10-00142]\], CB was chosen to carry out cytotoxicity inhibition assays ([Figure S1](#app1-toxins-10-00142){ref-type="app"}). The absence of CTX's cytotoxic effect may be related to low dissociation of the heterodimer that is dependent on cell membrane sites, which may be absent or lower in the cellular models used \[[@B63-toxins-10-00142],[@B64-toxins-10-00142]\]. VHH KF498604 was able to reduce LDH release related to the cytotoxic effect of CB under myotubes, demonstrating its ability to recognize and block CB̕s interaction with the cell membrane.

CK release, related to the myotoxic effect of CTX in mice, was significantly inhibited (*p* \< 0.05) by the VHH KF498604 by up to 78% at the highest ratio (1:40 *w*/*w*), demonstrating this VHH's potential protective effect *in vivo*. It was demonstrated that the myotoxic activity of the CB is related to its phospholipase activity, which is reduced by chemically modifying His48, an important residue of the catalytic site along with Asp99 \[[@B65-toxins-10-00142]\]. KF498604 VHH was able to inhibit phospholipase activity as well as cytotoxic and myotoxic activity of CTX's CB subunit, indicating some correlation between these effects.

The crystallographic structure of the CA2CBb isoform \[[@B10-toxins-10-00142]\] demonstrates a partial blocking of substrate access to the CB subunit's catalytic site through the interaction of residues Trp31 and Trp70 with Asp99 and Asp89 in the CA subunit. However, CB's active site is still accessible from a lateral direction \[[@B66-toxins-10-00142]\], which could explain the catalytic activity of the heterodimer CTX observed in assays with synthetic phospholipids and murine myotubes *in vitro*, as well as in in vivo myotoxicity evaluations.

Molecular docking suggested that KF498604 and KF498605 VHHs interact with the CA--CB interface of CTX, and, despite no contact with the catalytic site (His48, Asp49, Tyr53 and Asp99), the clones sterically block the substrate's access ([Figure 4](#toxins-10-00142-f004){ref-type="fig"}F). Most contact surface occurs between VHHs and the CB subunit, justifying KF488604's high inhibitory capacity against phospholipase, cytotoxic and myotoxic activities. Furthermore, both VHHs interact with residues of the CB's C-terminal region, which could contribute to neurotoxic activity inhibition \[[@B67-toxins-10-00142]\]. KF498602 and KF498603 recognize CB in a region opposite from the catalytic site (*N*-terminal α-helix A and α-helix D, mainly), which do not block substrate access \[[@B10-toxins-10-00142]\]. As was previously proposed \[[@B66-toxins-10-00142]\], CB's *N*-terminal region, exposed to the solvent, may constitute an important pharmacological site of CTX. This region may allow CTX presynaptic acceptor binding in neuromuscular junctions, with subsequent dissociation of the CA subunit, enabling interaction of CB's *C*-terminal with the target, and liberation of CB's catalytic site, consequently triggering its neurotoxicity. Thus, although they do not inhibit phospholipase activity, these clones may be useful in studies on the neurotoxic mechanisms of CTX and neutralization assays.

Given the characteristics of the selected VHHs, as well as the involvement of systemic myotoxicity in Acute Kidney Injury (AKI), one of the main causes of death among victims of crotalic envenomation \[[@B68-toxins-10-00142],[@B69-toxins-10-00142],[@B70-toxins-10-00142],[@B71-toxins-10-00142]\], we consider these clones promising tools for diagnosis or treatment of crotalic envenomation. Thus, these tools are being used in our laboratory as "modular blocks" to obtain different VHH products. Whether they be mono- or bispecific VHHs, or reconstituted HCAbs, the constructs will be great for generating humanized oligoclonal preparations against the major toxins in crotalic venoms. Protective capacity against neurotoxic and nephrotoxic effects triggered by CB, crotoxin, and crude venom is being investigated.

4. Materials and Methods {#sec4-toxins-10-00142}
========================

4.1. Ethics Statement {#sec4dot1-toxins-10-00142}
---------------------

Procedures involving animals were performed in accordance with the recommendations of the National Council for the Control of Animal Experimentation (CONCEA), and were approved by the Ethics Commission on Animal Use (CEUA) of Fiocruz Rondônia under protocol numbers 2012/11 and 2014/11. The animals' health status was checked routinely by a veterinarian. All animal groups (mice) were monitored regularly (5 min intervals) until the end of the experimental period and there was no unintended death of animals. After topical anesthesia (tetracaine ophthalmic drops) for retro-orbital bleeding, the mice were euthanized by cervical dislocation, according to CONCEA Normative Resolution No. 13, from 20 September 2013 (<http://www.mct.gov.br/upd_blob/0228/228451.pdf>). The licenses related to access to Brazilian genetic resources for scientific purposes are: Instituto Brasileiro do Meio Ambiente e dos Recursos Naturais Renováveis--IBAMA, Instituto Chico Mendes de Conservação da Biodiversidade--ICMBio (Number: 27131-1) and Conselho de Gestão do Patrimônio Genético--CGEN/Brazil (Number 010627/2011-1).

4.2. Camelid Immunization and Humoral Immune Response Monitoring {#sec4dot2-toxins-10-00142}
----------------------------------------------------------------

After evaluating the animals' clinical status, one young *Lama glama* adult male was immunized subcutaneously five times, at weekly intervals, with increasing doses of CTX (100 µg and 200 µg), CB and CA subunits (50 µg and 100 µg each), plus complete or incomplete Freund's adjuvant (Sigma-Aldrich, Saint Louis, MO, USA) ([Table S3](#app1-toxins-10-00142){ref-type="app"}).

*L. glama*'s immune response was monitored by ELISA immunoassay. Microtiter plate wells (Nunc-MaxiSorp, Merck KGaA, Darmstadt, Germany) were coated with 1 µg of CTX, CB or CA diluted in PBS (NaCl 1.37 M, Na~2~HPO~4~·12H~2~O 8.5 × 10^−2^ M, KH~2~PO~4~ 1.5 × 10^−2^ M, KCl 2.7 × 10^−2^ M, pH 7.4) and incubated overnight at 4 °C. After being washed three times with PBST (0.05% Tween-20 in PBS), unspecific sites were blocked with PBSM (1% skimmed milk in PBS) for 24 h. Then, serial dilutions (1:10^2^; 1:10^3^; 1:10^4^; 1:10^5^, 1:10^6^) of the serum in PBSM, collected each week, were added to the wells and the plates were incubated for 24 h at 4 °C. The samples were washed with PBST, and rabbit anti-llama IgG~2~/IgG~3~ \[[@B72-toxins-10-00142]\] at a 1:12,000 dilution in PBSM was added. Excess antibodies were removed by washing, and peroxidase conjugated mouse anti-rabbit IgG (Sigma Aldrich), at a 1:40,000 dilution in PBSM, was incubated for 5 h. The reaction was revealed using 100 µL/well of tetramethylbenzidine (TMB, Merck KGaA, Darmstadt, Germany), and blocked by 100 µL/well of sulfuric acid (0.32 M) after 30 min. Absorbances were measured at 450 nm in a microplate reader. The negative control was performed using llama pre-immune serum. All assays were carried out in triplicate.

4.3. Selection of Anti-Crotoxin VHHs {#sec4dot3-toxins-10-00142}
------------------------------------

Three days following the final boost, fifty milliliters of animal blood were collected to isolate lymphocytes using Ficoll-Paque Plus (Merck KGaA, Darmstadt, Germany). Total RNA was extracted from 1.5 × 10^7^ cells using Trizol Reagent (Thermo Fisher Scientific, Carlsbad, CA, USA), and cDNA synthesis was carried out with the SuperScript III First-Strand Synthesis System for RT-PCR (Invitrogen). A VHH gene repertoire, as well as an immune library, and recombinant phages expressing VHHs fused to VCSM13 helper phage protein III were obtained according to \[[@B38-toxins-10-00142],[@B42-toxins-10-00142]\].

Selection of anti-crotoxin, anti-CB and anti-CA VHHs was performed by biopanning. To this, MaxiSorb immunotubes (Sigma-Aldrich) were adsorbed separately with 1 mg of CTX, CB, and CA in PBS and incubated for 24 h at 4 °C. Excess CTX, CB and CA were removed by washing with PBST and the samples were blocked in PBSM for 2 h. After being washed three times with PBST, recombinant VHH-phages, previously incubated in PBSM, were added to the immunotubes and the samples were incubated at 37 °C under homogenization for 30 min. Subsequently, samples were washed 15 times with PBST and 15 times with PBS. Bound VHH-phage particles were eluted with 100 mM HCl and neutralized with 1 M Tris-HCl, pH 7.5. The eluants were transferred separately to 10 mL of *E. coli* TG1 (A600 0.5) cultures and the samples were incubated for 1 h with no agitation and for 1 h with agitation at 37 °C. Following centrifugation at 4000× *g*, the supernatants were discarded, the pellets resuspended in 2YT, plated on 2YT/amp/glu, and incubated overnight at 30 °C. Individual clones were collected for two subsequent rounds of biopanning. Selected clones were analyzed by colony PCR and by ELISA in order to verify the presence and reactivity of VHHs against selected targets, respectively.

To perform the ELISA, positive mL of *E. coli* TG1 (A~600~ 0.5) cultures and the samples were incubated for 1 h with no agitation and for 1 h with agitation at 37 °C. Following centrifugation at 4000× *g*, the supernatants were discarded, the pellets resuspended in 2YT, plated on 2YT/amp/glu, and incubated overnight at 30 °C. Individual clones were collected for two subsequent rounds of biopanning. Selected clones were analyzed by colony PCR and by ELISA in order to verify the presence and reactivity of VHHs against selected targets, respectively. Clones were cultivated in 1 mL (2YT/amp), and VHH expression was induced with 3 mM isopropyl-d-thiogalactopyranoside (IPTG) (A~600~ 0.9) for 16 h at 30 °C. After centrifugation, 50 µL of supernatants containing soluble VHHs were used to carry out the assay, as described previously. Llama pre- and immune sera were used as negative and positive controls, respectively. Positive clones were sequenced, analyzed and submitted to GenBank.

4.4. Expression and Purification of Anti-Crotoxin VHHs {#sec4dot4-toxins-10-00142}
------------------------------------------------------

Four positive clones were subcloned into a pET-22b+ vector (Merck KGaA, Darmstadt, Germany). Thus, selected recombinant VHHs, cloned into pHEN-1-6xHis plasmid, were amplified by PCR using the following primers: VHNDEF (5′-GGAATTC[CATATG]{.ul}GCCGA(G/C)GT(G/C)-′3) and VHXHOR (5′-CCG[CTCGAG]{.ul}TGAGGAGACGG-′3). The restriction endonuclease recognition sites for *Nde*I and *Xho*I are underlined.

VHH fragments, composed of approximately 400 bp, were excised from agarose gel, digested with *Nde*I and *Xho*I endonucleases, and inserted into a pET-22b+ expression vector, in a frame with the polyhistidine (His) tag sequence. After transformation into *E. coli* BL21 (DE3) (New England Biolabs, Ipswich, MA, USA), the clones were grown in 30 mL of LB medium containing 100 μg/mL of ampicillin (LB amp), under agitation at 37 °C, overnight. Ten milliliters of these cultures were transferred to 1 L of LB amp and when its absorbance (A~600~) reached about 0.7, protein expression was induced with 1 mM IPTG. Cultures were incubated under agitation at 37 °C for 8 h. Following centrifugation, pellets were resuspended in 20 mL of 50 mM Tris-HCl (pH 8.0). In order to perform bacterial cell disruption, the samples were pretreated with 1 mg/mL of lysozyme at room temperature for 1 h and sonicated for 3.5 min, with 1 min pulses (Misonix Ultrasonic Processor, Qsonica, Newtown, CT, USA). Inclusion bodies were retrieved after centrifugation at 15,000× *g* for 15 min, resuspended in wash buffer (50 mM Tris-HCl, 50 mM Na~2~HPO~4~, 300 mM NaCl and 1% Triton X-100, pH 7.4) and incubated on ice for 10 min. This step was repeated once more. Triton X-100 was removed with Tris-HCl buffer. The samples were centrifuged and resuspended in dissolution buffer (50 mM Tris-HCl, 50 mM Na~2~HPO~4~, 300 mM NaCl and 8 M Urea), and then incubated at 4 °C for 1 h and centrifuged. VHHs were purified through immobilized metal affinity chromatography (IMAC) using Talon Co^2+^-precharged resin (GE Healthcare, Marlborough, MA, USA), under denaturing conditions, according to the manufacturer's instructions. Renaturation of VHHs was performed by diafiltration in PBS, using 10 kDa Amicon Ultra-2 filter devices (Merck Millipore, Billerica, MA, USA). Soluble VHH protein concentration was determined by the Smith method (1985) \[[@B73-toxins-10-00142]\] with a BCA protein kit (Thermo Fisher Scientific, Carlsbad, CA, USA).

4.5. Cross-Immunoreactivity Analysis of Anti-Crotoxin VHHs {#sec4dot5-toxins-10-00142}
----------------------------------------------------------

In order to verify the specificity of the purified VHHs (KF498602, KF498603, KF498604 and KF498605), cross-immunoreactivity assays were performed by ELISA with different venoms and toxins from the *Bothrops* and *Crotalus* genera. Microtiter plate wells were coated with 1 µg of snake venoms obtained from Serpentário de Proteínas Bioativas, Batatais, Brazil (*B. atrox*, *B. bilineata*, *B. diporus*, *B. brasili*, *B. jararaca*, *B. jararacussu*, *B. leucurus*, *B. marajoensis*, *B. moojeni*, *B. urutu*, *C. atrox*, *C. durissus cascavella*, *C. durissus collilineatus*, *C. durissus cumanensis* and *C. durissus terrificus*), along with 1 µg of eight different toxins (Bothropstoxin I and II, from *B. jararacussu*, and convulxin, crotamin, crotapotin, crotoxin, and gyroxin from *C. durissus terrificus*). The plates were incubated at 4 °C overnight, washed with PBST and nonspecific sites were blocked with PBSM for 5 h. Subsequently, one microgram of the purified VHHs (pre-incubated in PBSM) was added and the assay was carried out as described previously. Llama immune serum (1:1000) was used as the positive control and an anti-BthTX VHH (KC329718) \[[@B42-toxins-10-00142]\] (10 µg/mL), as the negative control. All assays were performed in triplicate.

4.6. Western Blot Analysis of Anti-Crotoxin VHHs {#sec4dot6-toxins-10-00142}
------------------------------------------------

In order to confirm the specificity of VHHs for CB, Western blot analysis was performed. Ten micrograms of CB were reduced, electrophoresed on 12.5% SDS-PAGE, and transferred to a nitrocellulose membrane. Reactive sites were blocked with 5% skimmed milk in TBS buffer (TBSM) at 4 °C overnight. After being washed three times with TBS/0.1% Tween 20 (TBST), the strips were incubated with 0.2 mg/mL of each anti-crotoxin VHH (KF498602, KF498603, KF498604 and KF498605) overnight. The strips were washed again with TBST and incubated with rabbit anti-llama IgG2/IgG3 (1:1000 in 5% TBSM) overnight. After being washed, the samples were incubated with peroxidase conjugated mouse anti-rabbit IgG (1:3000 in 5% TBSM) for 6 h. The strips were washed, and the reactive signals were detected after incubation with hydrogen peroxide in diaminobenzidine (DAB) solution (SIGMAFAST™ DAB with Metal Enhancer Tablets, Sigma-Aldrich). Llama immune serum (1:1000) was used as the positive control and an anti-BthTX VHH (KC329718-0.2 mg/mL) \[[@B42-toxins-10-00142]\], as the negative control.

4.7. Thermal Stability Analysis of Anti-Crotoxin VHHs {#sec4dot7-toxins-10-00142}
-----------------------------------------------------

Thermal stability studies were performed in order to verify the binding capacity of selected anti-crotoxin VHHs in ELISA assays, after their exposure to different temperatures, according to Tabares-da Rosa et al. \[[@B56-toxins-10-00142]\], with modifications. Forty microliters of purified KF498602 (0.440 μg/μL) and KF498604 (0.729 μg/μL) clones were incubated at 25, 45, 55, 65, 75, 85 and 95 °C in a thermal cycler (Applied Biosystems, Foster City, CA, USA) for 1 h. Samples were centrifuged at 2500× *g*, at room temperature for 5 min, and the supernatant concentrations were determined using the Smith method (1985) \[[@B73-toxins-10-00142]\]. Soluble VHHs (1 µg) were incubated in PBSM and used to perform an ELISA assay in microtiter plates coated with 1 µg of CB, as described previously. The results were expressed as a signal percentage (450 nm) of the heated samples in relation to the control, corresponding to the unheated clones.

4.8. Interaction Analyses by Surface Plasmon Resonance (SPR) {#sec4dot8-toxins-10-00142}
------------------------------------------------------------

The interaction analysis between KF498602 and KF4998604 clones and CTX was performed by SPR using a Biacore T200 system (GE Healthcare), according to \[[@B42-toxins-10-00142]\], with modifications. The dextran layer of the CM5 sensor chip was activated by a 1:1 (*v*/*v*) mixture of 0.4 M EDC (1-Ethyl-3-3-dimethylaminopropyl carbodiimide) and 0.1 M NHS (*N*-hidroxysuccinimide) at a flow rate of 5 µL/min. CTX was diluted in C~2~H~3~NaO~2~ buffer (10 mM, pH 5.5) and injected into a selected flow cell for immobilization. A solution of 1 M H~2~NCH~2~CH~2~OH-HCl was injected in order to block the remaining reactive groups in the flow cell. The control flow cell was prepared with H~2~NCH~2~CH~2~OH--HCl alone. For kinetic measurements, CM5-CTX was subjected to serial dilutions of VHHs (2.5 to 0.002 µM) into the running buffer HBS-p (10 mM HEPES, 150 mM NaCl, 3.4 mM EDTA and 0.005% Tween 20, pH 7.4). The kinetic assay was performed at a flow rate of 30 µL/min at 25 °C.

In order to verify whether or not the CTX interaction epitope is common for both clones, an additional assay was carried out. After saturation of KF498604 (2.5 μM)-CM5-CTX interaction, the sensor chip was washed with HBS-p running buffer, and KF498202 (1:1 VHH/VHH molar ratio) was injected. Following sensogram obtention, chip regeneration was performed with an AIW solution followed by an ICW solution for 30 s each (A-Equal volumes of C~2~H~2~O~4~, H~3~PO~4~, CH~2~O~2~, and ‎C~3~H~4~O~4~, each at 0.15 M, pH 5.0; C-20 mM EDTA; I-KSCN (0.46 M), MgCl~2~ (1.83 M), urea (0.92 M), guanidine-HCl (1.83 M); W-deionized water) according to Andersson; Hämäläinen and Malmqvist \[[@B74-toxins-10-00142]\]. The binding responses were calculated by subtracting the RUs obtained from both blank control cells and running buffer injections. Kinetic analyses were performed by fitting the obtained sensograms with the 1:1 Langmuir model using BIA-evaluation software (version 1.0, GE Healthcare).

4.9. In Vitro Inhibition of CTX and CB Phospholipase Activities {#sec4dot9-toxins-10-00142}
---------------------------------------------------------------

Inhibition of CTX and CB phospholipase activities on fluorescent lipids were performed as described by \[[@B42-toxins-10-00142]\]. The fluorescent phospholipid (Acyl-NBD-*acyl*-NBD-PC, Avanti Polar Lipids, Alabaster, AL, USA) was reconstituted in chloroform, dried over a low flow of N~2~, and dissolved in 150 mM NaCl to obtain a 1 mg/mL stock solution. Assays were performed in 150 µL in opaque plates, at wavelengths of 460 nm (excitation) and 534 nm (emission), 37 °C and at intervals of 3 s between each read, over 5 min, using Fluorescence Spectrometer Spectra Max M4 (Molecular Devices, San Jose, CA, USA) and SoftMax 6.0 Software (Molecular Devices, San Jose, CA, USA). The standard reaction medium contained 20 mM Tris--HCl (pH 7.5), 8 mM CaCl~2~ and 5 µM of phospholipids. In order to verify the VHHs' ability to inhibit phospholipase activities, 0.08 µg and 0.04 µg of CTX and CB, respectively, were pre-incubated with the VHHs KF498202 and KF498604 (1:5; 1:10 and 1:40 *w*/*w*) for 30 min at 37 °C. The standard reactions with CTX or CB alone were used as positive controls. These reactions produced 186 and 115 fluorescence units, respectively, corresponding to 100% PLA~2~ activity. The negative control was performed with the standard reaction medium alone.

4.10. In Vitro Inhibition of CB Cytotoxicity by Selected VHHs {#sec4dot10-toxins-10-00142}
-------------------------------------------------------------

Inhibition of CB cytotoxicity by anti-crotoxin VHHs was evaluated by determining the lactic dehydrogenase (LDH) release from damaged murine myoblasts cells, differentiated in myotubes, as was previously described \[[@B64-toxins-10-00142],[@B75-toxins-10-00142]\]. C2C12 cell culture was established in 25 cm^2^ bottles containing 5 mL of Dulbecco's Modified Eagle's Medium (DMEM, Sigma), supplemented with 10% fetal bovine serum (FBS, sigma), HEPES 2 g/L, HCO~3~^−^ 3.7 g/L, gentamicin (50 µg/mL) and incubated in a 5% CO~2~ atmosphere at 37 °C. After reaching full confluence, non-adherent cells were removed by washing with DMEM and 2 mL of 500 U/mL trypsin-EDTA solution (Sigma) was added. After incubation at 37 °C for 5 min, 5 mL of supplemented DMEM medium was added and the flasks were centrifuged at 300× *g*, 24 °C for 10 min. Cell pellets were resuspended in 1 mL of DMEM. An aliquot was diluted by 1:100 (*v*/*v*) in 0.4% trypan blue solution (Sigma) in order to count viable cells under an optical microscope (40×) using a Neubauer chamber. Cells were transferred to Costar^®^-type 96-well microplates (Sigma) at an initial density of 2.0 × 10^4^ cells/well and incubated under the same conditions until reaching 100% confluency. The supernatants were removed and 200 µL of DMEM supplemented with 1% FBS and gentamicin (50 µg/mL) was added for cell differentiation on myotubes \[[@B76-toxins-10-00142]\]. Four to six days of incubation were required for the formation of a long layer of multinucleated myotubes, used in the cytotoxicity assays. For the neutralization assay, CB at its previously determined Minimal Cytotoxic Dose (20 µg) ([Figure S1](#app1-toxins-10-00142){ref-type="app"}) was incubated at 37 °C for 1 h with the clone KF498604 at a ratio of 1:2.5 (*w*/*w*) in PBS. Then, 150 µL of the solution was transferred to wells containing the myotube culture in 50 μL of DMEM supplemented with 1% FBS. After incubation at 37 °C for 3 h, in a 5% CO~2~ atmosphere, supernatants were collected to determine LDH activity using diagnostic kits (Bioclin, Belo Horizonte, MG, Brazil). The results were expressed as LDH U/L. 0.1% Triton X-100 and 20 µg/well bothropstoxin II were used as positive controls and PBS as the negative control. All assays were performed in triplicate.

4.11. In Vivo Neutralization of CTX Myotoxicity by VHHs {#sec4dot11-toxins-10-00142}
-------------------------------------------------------

The neutralizing effect on myotoxicity induced by CTX in mice was analyzed by determining the serum creatine kinase (CK) activity. Thus, CTX at its previously determined minimum myotoxic dose (MMD) (1.5 µg) ([Figure S2](#app1-toxins-10-00142){ref-type="app"}) was incubated at 37 °C for 1 h with the VHH KF498604 at ratios of 1:10, 1:20 and 1:40 (*w*/*w*) in PBS. Then, groups containing 5 male mice (28--30 g) received an i.m. injection of 50 µL of toxin/VHH solutions in the gastrocnemius muscle. Positive control animals were injected with CTX and negative controls received 50 µL of PBS or VHH. After 3 h, blood was collected from the orbital plexus in order to determine the creatine kinase activity using diagnostic kits (Bioclin, Belo Horizonte, MG, Brazil). Results were expressed as CK U/L.

4.12. Modeling and Molecular Docking of Anti-Crotoxin VHHs {#sec4dot12-toxins-10-00142}
----------------------------------------------------------

In order to investigate amino acid residues that participate in the antigen--antibody recognition, we performed homology modeling of five selected VHHs, following the methodology described by \[[@B42-toxins-10-00142]\]. After modeling, the ClusPro2.0 server \[[@B77-toxins-10-00142]\] was used to predict the interactions between modeled VHHs and the CTX isoform CA~2~CBb (PDB accession code: 3R0L). The antibody mode was selected with the non-CDR regions masked automatically \[[@B78-toxins-10-00142]\]. The VHH structures were submitted as the receptor and CTX as the ligand. ClusPro selected the 1000 best scoring solutions, clustered them according to Root Mean Square Deviation (RMSD) considerations, and the lowest ClusPro score, representing the greatest probability of antigen-antibody interaction, was selected \[[@B79-toxins-10-00142]\].
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![Development of anti-crotoxin VHH. (**A**) monitoring of the llama immune response. The serum was diluted to 1:10^6^ (*v*/*v*) and specific binding to CTX, CB and CA was detected by indirect ELISA. The animal showed a rapid and strong response after the second immunization (i.e., by day 14). Final boost performed on day 28 showed maximum absorbance, up to five times that of pre-immune serum; (**B**) clonal reactivity of VHHs selected against CTX, CB and CA (brown). After three rounds of panning, 220 clones selected against crotoxin and CB and 88 against CA were subjected to ELISA assays. Of these, fifty eight (58), seventy eight (78) and two (02) were positive, respectively. All measurements were performed in triplicate. In white, gray and black are the positive clones in pannings 1, 2, and 3, respectively. The negative control (NC) was performed using pre-immune llama serum. Error bars represent standard deviation. An asterisk (\*) indicates clones submitted to DNA sequencing; (**C**) amino acid sequence alignment of anti-crotoxin VHHs. Framework regions (FR), as well as complementarity determining regions (CDR) are indicated with arrows; two conserved cysteines are marked in red; VHH hallmark substitutions in FR2 are marked in blue, bolded and underlined. An additional cysteine pair, in clones KF498602 and KF498603, are shaded. The prominence of the CDR3 loop in clones KF498605 and KF498604, with 21 amino acid residues, is also worth noting. A colon (:) represents highly conserved amino acids; an asterisk (\*) represents identical amino acid residues; a period (.) means somewhat similar but different amino acids and a blank represents dissimilar amino acids or gaps.](toxins-10-00142-g001){#toxins-10-00142-f001}

![Evaluation of VHHs' specificity and thermostability. (**A**) cross-reactivity of anti-crotoxin VHHs. *In vitro* reactivity showing different levels of interaction of selected VHHs KF498602; KF498604; KF498605; KF498606 with snake venoms and isolated toxins. Absorbance obtained by ELISA assays performed on plates coated with 10 µg/mL of each antigen and VHH at a ratio of 1:1 (*w*/*w*). The dashed lines represent the cut off. All measurements were performed in triplicate. For the negative control (NC), unrelated VHH was used in wells coated with CTX. Each value represents the mean ± SEM of triplicate samples; (**B**) specificity analysis of the VHHs with CB by Western blot. Immunoblotting demonstrating the interaction of the selected clones with monomeric (14 kDa) and multimeric forms of CB on a nitrocellulose membrane; (**C**) VHHs' functional thermostability using ELISA. Signal percentage in ELISA against CB of KF496802 (blue) and KF496804 (green), after heating from 25 to 95 °C for 1 h, compared to the pre-heating samples. Each value represents the mean ± SEM of triplicate samples.](toxins-10-00142-g002){#toxins-10-00142-f002}

![Evaluation of VHHs' kinetic interaction and neutralization ability. (**A**) analysis of the kinetic interaction between VHHs and CTX by SPR. Sensorgrams obtained after injection of KF498604 and KF498602, at concentrations from 2.5 to 0.002 μM, on a crotoxin-coated CM5 chip. KD = affinity constant of the clones. Sensorgram obtained after injection of KF498604 and co-injection of KF498602. Signal gain (103 RU) on the sensorchip surface after KF498602 injection indicates that these clones interact with different epitopes of crotoxin; (**B**) *in vitro* inhibition of CB and CTX phospholipase activity by selected VHHs. Fluorimetric analysis of inhibition was assayed using synthetic fluorescent phospholipids and toxins pre-incubated with selected VHHs for 30 min at 37 °C in different proportions (1:5; 1:10 and 1:40 *w*/*w*). The toxin's activity on the phospholipids, in the absence of VHH, was used as a positive control, and considered as having 100% activity. The negative controls were carried out using medium reactions with no toxins. Each value represents the mean ± SEM of duplicate samples; (**C**) inhibition of CB-induced cytotoxicity in murine C2C12 skeletal muscle myotubes by VHH. Cytotoxicity (cytolysis) was estimated by the release of lactic dehydrogenase (LDH) into the culture medium after 3 h of exposure to a pre-incubated solution containing CB and the KF498604 at a 1:2.5 (*w*/*w*) ratio. A significant reduction in LDL release was observed in cells exposed to the solution containing CB and VHH (59.3%, \*\*\* *p* \< 0.05), when compared to samples incubated with CB alone; (**D**) *in vivo* neutralization of CTX-induced myotoxicity by VHH. Myotoxicity was estimated by plasma creatine kinase (CK) levels in Swiss mice after 3 h of intramuscular administration of the pre-incubated preparations (37 °C for 1 h) containing CTX and KF498604 VHH in proportions of 1:10, 1:20 and 1:40 (*w*/*w*). The negative control was performed with PBS or VHH, and as a positive control, animals were injected with CTX with no VHH addition. Each value represents the mean ± SEM. Bonferroni's test was used to measure significance. A significant reduction in CK levels was observed in the plasma of mice exposed to CTX and VHH in all proportions (1:10 = 46%; 1:20 = 63%; 1:40 = 78%, \*\*\* *p* \< 0.05) in relation to those exposed to the toxin alone.](toxins-10-00142-g003){#toxins-10-00142-f003}

![Docking results showing VHH binding sites on the surface of crotoxin, isoform CA2CBb. Cartoon representations of VHH-CTX interaction structures (side view) covered by a white surface, where α, β and γ chains of CA are shown in cyan ribbon, CB in light brown and the VHH is shown as an orange ribbon. The active site of CB (His48, Asp49, Tyr53 and Asp99) is represented in green and the Ca^2+^ binding loop (Try28, Cys29, Gly30, Trp31, Gly32) in blue. (**A**) KF498602-CTX; (**B**) KF498603-CTX; (**C**) KF498604-CTX; (**D**) KF498605-CTX; (**E**) KF498606-CTX; (**F**) surface representation of the KF498604--CTX interaction (side view); (**G**) surface representation of crotoxin's crystal structure (front view, PDB ID 3R0L). Interaction sites were enlarged in order to show hydrogen bonds formed between amino acid residues. While the clones KF498602 and KF498603 recognize CB from a region opposite from the catalytic site (*N*-terminal α-helix A and α-helix D, mainly), KF498604 and KF498605 interact with the CA-CB interface of crotoxin, and, despite no contact with the catalytic site (His48, Asp49, Tyr53 and Asp99), sterically block the access of the substrate as demonstrated in (**C**,**D**,**F**). KF498605 VHH also interacts with CA in a region opposite from CB's catalytic site.](toxins-10-00142-g004){#toxins-10-00142-f004}
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Molecular interactions between the amino acid residues of the VHHs and CTX.

  Clone      VHH Domain   Amino Acids   CTX                           Distances                     
  ---------- ------------ ------------- ----------------------------- ----------------------------- -------------
  KF498602   FR2          Arg-47        Glu-12                        *N*-terminal α-helix A (CB)   1.8/1.9/1.8
  CDR3       Trp-117      Glu-12        *N*-terminal α-helix A (CB)   2                             
  FR2        Arg-47       Arg-14        *N*-terminal α-helix A (CB)   1.9                           
  FR2        Arg-47       Phe-11        *N*-terminal α-helix A (CB)   1.7                           
  CDR3       Ser-115      Arg-97        α-helix D (CB)                2.1                           
  CDR3       Tyr-114      Arg-97        α-helix D (CB)                1.8                           
  CDR3       Trp-110      Arg-14        *N*-terminal α-helix A (CB)   1.8                           
  FR2        Glu-46       Lys-7         *N*-terminal α-helix A (CB)   1.7                           
  CDR3       Asp-112      Gln-33        α-Chain (CA)                  2.0/2.0                       
  FR2        Glu-46       Arg-14        *N*-terminal α-helix A (CB)   1.8                           
  KF498603   CDR3         Asp-112       Arg-97                        α-helix D (CB)                1.8/1.8/1.9
  CDR3       Asp-112      Arg-14        *N*-terminal α-helix A (CB)   1.9                           
  CDR3       Tyr-114      Arg-14        *N*-terminal α-helix A (CB)   1.7                           
  CDR3       Tyr-111      Gly-32        Ca^2+^ binding loop (CB)      1.8                           
  FR2        Arg-47       Gly-31        Ca^2+^ binding loop (CB)      1.7/2.2                       
  FR2        Arg-47       Gln-37        Loop (CB)                     1.9                           
  FR1        Ala-2        Lys-z-7       *N*-terminal α-helix A (CB)   1.7                           
  FR1        Glu-3        Lys-7         *N*-terminal α-helix A (CB)   1.7                           
  KF498604   FR3          Asp-64        Cys-75                        β-wing (CB)                   2.1
  CDR2       Arg57        Gly-52        α-helix C (CB)                1.7                           
  CDR3       Tyr-117      Gly117        *C*-terminal extension (CB)   1.8                           
  FR3        Try-62       Asp78         β-wing (CB)                   1.9/2.5                       
  CDR2       Thr-60       Asp78         β-wing (CB)                   2                             
  CDR3       Glu-103      Arg-116       *C*-terminal extension (CB)   2.0/1.9                       
  CDR3       Gly-104      Arg-116       *C*-terminal extension (CB)   1.7                           
  CDR1       Ala-35       Ser-119       *C*-terminal extension (CB)   2.2                           
  KF498605   CDR2         Arg-57        Asp-78                        β-Chain (CA)                  1.8/1.8/2.0
  CDR1       Asn-33       Thr-121       *C*-terminal extension (CB)   1.8                           
  CDR3       Asp-102      Arg-116       *C*-terminal extension (CB)   1.9                           
  CDR3       Ser-101      Arg-116       *C*-terminal extension (CB)   2                             
  CDR3       Glu-103      Arg-116       *C*-terminal extension (CB)   1.2/1.8/1.8                   
  FR3        Asp-64       Lys-90        β-Chain (CA)                  1.8                           
  FR3        Lyz67        Glu-87        β-Chain (CA)                  1.7/1.8                       
  FR3        Tyr-62       Cys-75        β-Chain (CA)                  2                             
  KF498606   FR1          Glu-3         Lys-7                         *N*-terminal α-helix A (CB)   1.7
  CDR3       Arg-99       Ala-52        α-Chain (CA)                  1.9                           
  CDR3       Arg-99       Tyr-51        α-Chain (CA)                  1.7/2.0                       
  CDR3       Arg-99       Cys-57        α-Chain (CA)                  1.9/2.4                       
  CDR3       Arg-99       Leu-54        α-Chain (CA)                  1.8                           
  FR2        Arg-47       Gly-56        α-Chain (CA)                  1.9                           
